Meat and meat products are important sources of human intestinal infections. We report the isolation of Helicobacter pullorum strains from chicken meat. Bacteria were isolated from 4 of the 17 analyzed fresh chicken meat samples, using a membrane filter method. MIC determination revealed that the four strains showed acquired resistance to ciprofloxacin; one was also resistant to erythromycin, and another one was resistant to tetracycline. Whole-genome sequencing of the four strains and comparative genomics revealed important genetic traits within the H. pullorum species, such as 18 highly polymorphic genes (including a putative new cytotoxin gene), plasmids, prophages, and a complete type VI secretion system (T6SS). The T6SS was found in three out of the four isolates, suggesting that it may play a role in H. pullorum pathogenicity and diversity. This study suggests that the emerging pathogen H. pullorum can be transmitted to humans by chicken meat consumption/contact and constitutes an important contribution toward a better knowledge of the genetic diversity within the H. pullorum species. In addition, some genetic traits found in the four strains provide relevant clues to how this species may promote adaptation and virulence.
plates if they were Gram negative, oxidase positive, and spiral shaped. Colonies that were not characteristic of Campylobacter spp. were identified by 16S rRNA gene amplification followed by Sanger sequencing, as previously described (12) , using the universal forward 27F (5=-AGAGTT TGATCMTGGCTCAG-3=) and reverse 1492R (5=-TACGGYTACCTTG TTACGACTT-3=) primers (13) .
Antibiotic susceptibility testing. MICs of three antimicrobial agents, namely, ciprofloxacin, erythromycin, and tetracycline, were determined using Etest strips. Briefly, bacterial suspensions (adjusted to an opacity equivalent to an 0.5 McFarland opacity standard) were inoculated on Mueller-Hinton agar supplemented with 5% defibrinated horse blood (Oxoid, Basingstoke, Hants, United Kingdom) and 20 mg/liter ␤-NAD (Sigma-Aldrich, St. Louis, MO) and incubated under a microaerobic hydrogen-enriched atmosphere, at 41 Ϯ 1°C for 48 h. Besides the isolates collected in this study, six additional H. pullorum clinical strains, presumably susceptible to ciprofloxacin, were included. These strains had been isolated from stool samples of patients suffering from gastroenteritis and are designated as follows: 2007-1794, 2008-547, 2010-1828, 2012-216H, 2014-133H, and 2014-1734 (the isolation year is used as the first number in the strain identifications).
Whole-genome sequencing (WGS). Total DNA was extracted using the QIAmp DNA minikit (Qiagen) according to the manufacturer's instructions. The yield and quality of the purified DNA were assessed with a Qubit assay (Quant-iT double-stranded DNA [dsDNA] assay kit, broad range; Life Technologies, MA, USA) and agarose gel (0.7%) electrophoresis. High-quality DNA samples were then selected to prepare sequencing libraries using the Nextera XT DNA sample preparation kit. Library samples were subjected to cluster generation and paired-end sequencing (2 by 250 bp) on a MiSeq sequencer (Illumina Inc., San Diego, CA, USA), according to the manufacturer's instructions. The number of passing filter reads obtained per sample ranged from 1.0 to 1.9 million. The FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and FASTX (http://hannonlab.cshl.edu/fastx_toolkit/) software tools were applied to evaluate and improve the quality of the raw sequence data, respectively. Subsequently, high-quality reads were assembled de novo using Velvet (version 1.2.10) (14) (several assemblies using different k-mer sizes were run), where the best assembly was assumed as the one with the best cumulative rank for N 50 , the number of contigs/scaffolds, and the length of the largest contig/scaffold. The obtained mean depth of coverage per sample ranged from 135-to 195-fold. The final contigs/scaffolds were visually inspected (using Tablet 1.14.04.10) (15) and properly corrected prior to annotation using the NCBI Prokaryotic Genomes Annotation Pipeline 2.3.
Comparative genomic analyses. With the exception of the four genomes sequenced in the present study, only the draft genome sequence of the human MIT 98-5489 H. pullorum isolate (16) is currently available (GenBank accession no. ABQU00000000.1). Therefore, in order to achieve a wide picture of the genetic diversity within the H. pullorum species, this genome was included in all comparative genomic analyses. First, the 5 draft sequences were aligned using the progressive algorithm of MAUVE software (version 2.3.1) (17) , and a core alignment was extracted by keeping and concatenating regions where genomes aligned over at least 500 bp. This core genome alignment, encompassing about 70 to 83% of each genome sequence, was subsequently applied to identify genomic regions with high single nucleotide polymorphism (SNP) density using DnaSP v5 software (18) , with a window and step sizes of 1,000 bp. MEGA5 software (19) (http://www.megasoftware.net) was also used to estimate overall genetic distances among the H. pullorum genomes. Individual alignments of highly polymorphic genes and genes with SNPs likely to be associated with antibiotic resistance were further analyzed using MEGA5 to confirm annotation, homology, and polymorphism. Identification of positional homologous coding sequences (CDSs) was facilitated by using MAUVE, assuming a minimum of 60% nucleotide identity and a minimum of 70% length coverage. DnaSP and SWAAP (version 1.0.3) software analyses were further applied to evaluate the variability within relevant CDSs. The major differences in the accessory genome, particularly in regions showing strain specificity, were also studied. The identification of putative plasmids was performed by checking contigs (minimum size, 1,000 bp) with high depth of coverage and evidence of circularity. The plasmid copy numbers were estimated by comparing the mean plasmid sequence coverage to that of the remaining contigs/scaffolds. Large insertions and deletions (indels) were identified following both the inspection of the positional homolog in MAUVE and nucmer analyses using MUMmer 3.23 (minimum homology of 75% and a stretch window of 100 bp) (http://www.tigr.org/software/mummer) (20) . For confirmation purposes, reads from the H. pullorum isolates collected in this study were additionally mapped using Bowtie2 (version 2.1.0 [http://bowtie-bio .sourceforge.net/bowtie2/index.shtml]) (21) against all genomic regions that displayed strain specificity or were absent in particular strains. BLASTn (http://blast.be-md.ncbi.nlm.nih.gov/Blast.cgi) and PHAST (http://phast.wishartlab.com/) analyses (22) were additionally applied over these regions to check homology and to identify, annotate, and graphically display prophage sequences, respectively.
Nucleotide sequence accession numbers. Newly determined sequence data were deposited in GenBank under accession numbers JNOB00000000, JNOC00000000, JNUR00000000, and JNOA00000000.
RESULTS
H. pullorum isolation, identification, and antibiotic susceptibility. We isolated H. pullorum from four fresh raw chicken meat samples out of 17 analyzed. These four samples originated from three different producers, two located in the Centre region and one in the South of Portugal. Three strains were isolated from refrigerated chicken carcass meat, and the fourth was isolated from seasoned-meat preparations intended to be cooked before consumption ( Table 1 ). The small gray-white colonies grown were different from Campylobacter species. Subculturing and Gram staining revealed small curved Gram-negative bacilli identified as H. pullorum by 16S rRNA gene sequencing. WGS was carried out for further analysis of comparative genomics. The draft genome sequence of the H. pullorum MIT 98-5489 strain (16) isolated in Canada from the stools of a patient suffering from gastroenteritis (corresponding to strain H436 in reference 23) was included.
The MIC values of the H. pullorum isolates collected in this study are shown in Table 1 . For all four isolates, the MIC of ciprofloxacin was Ͼ32 mg/liter, and for three of those, the functional ACA¡ATA substitution previously reported was detected in gyrA (24) . This mutation was also detected in the human MIT 98-5489 strain (16) . Missense mutations in gyrA reported to confer resistance to ciprofloxacin in other enterohepatic Helicobacter species were not detected in any of the four strains (16) . The six additional H. pullorum strains isolated from patients exhibited a low range of MICs of ciprofloxacin (0.023 to 0.047 mg/liter), and none of these strains harbored the ACA¡ATA transition in gyrA. In addition, no distinctive mutations were found in gyrB when comparing the group with low MIC values of ciprofloxacin (GenBank accession numbers of gyrB: KR014216, KR014217, KR014218, KR014219, KR014220, and KR014221) with the group of the four strains isolated in this study presenting with high MIC values. Neither the topoisomerases IV encoded by parC and parE nor the plasmidmediated quinolone resistance gene, qnr, was found in the four genomes of the meat isolates and in the human strain MIT 98-5489.
For erythromycin, only strain 229336/12 had a high MIC (Ͼ256 mg/liter), and the transition A2075G in the 23S rRNA gene associated with macrolide resistance was detected in this strain (25) . Concerning tetracycline, only strain 229254/12 presented a MIC of Ͼ256 mg/liter, and it presented a single transversion, A926T, in the 16S rRNA gene. Both these mutations were detected in the strain MIT 98-5489 but in none of the meat isolates presenting low MICs of erythromycin and tetracycline (Table 1) (16) . Core genome analysis. Draft H. pullorum genomes were extrapolated/estimated to vary from 1.7 Mb to 2.1 Mb, with a GϩC content of ϳ34% (Table 1) . By comparing the mean depth of coverage obtained for the rRNA genes with the one calculated for single-copy genes (e.g., gyrA), we confirmed that H. pullorum harbors three copies of the ribosomal operon (26) .
The core genomes were highly similar (Ͼ98%), with a mean number of 22,031.5 (standard error [SE], Ϯ91.9) nucleotide differences, although marked by highly polymorphic regions (named A to R in Fig. 1 and Table 2 ). Eighteen polymorphic genes were found to belong to different functional categories, like metabolic enzymes, outer membrane proteins (OMP), and restriction modification systems.
A more detailed SNP analysis of the identified polymorphic OMP-encoding gene (label C, Fig. 1 and Table 2 ), varying in length from 1,407 to 1,488 bp, showed a particular pattern of variability, with 7 localized variable regions interspersed with highly conserved sequences throughout the gene ( Fig. 2A) , similarly to the Campylobacter major protein (cmp) gene encoding the major outer membrane protein (MOMP) of Campylobacter jejuni (27) . The high density of nonsynonymous substitutions observed in the variable regions of this OMP-encoding gene (Fig. 2B ) suggests that they are likely to correspond to surface-exposed regions of the OMP.
Other genes were highly polymorphic ( Fig. 1 and Table 2 ), such as a gene encoding a protein belonging to the pyridoxamine 5=-phosphate oxidase-related family (label D), as well as a gene coding for a putative cytotoxin (label I) which was highly variable in length (from 2,649 to 2,817 bp) among the four H. pullorum isolates and the strain MIT 98-5489. This cytotoxin presented the highest variability at both nucleotide and protein levels (p-distances of 0.208 and 0.280, respectively), which was mostly concentrated within the 5= end and the middle region of the gene. In silico analysis of functional domains showed that the conserved 3= region shows features of an autotransporter ␤-domain (residues 592 to 882, according to the numbering of the HPMG_01076 gene of strain MIT 98-5489), with a putative signal peptide including a cleavage site (data not shown). The cytotoxin may belong to a gene family since a total of four putative paralog genes were found in the genome of all four H. pullorum strains studied, as well as in strain MIT 98-5489.
BLAST searches against the recently described genomes of other Helicobacter species (16) revealed the presence of protein homologs to both the Campylobacter-like MOMP and the cytotoxin for the species Helicobacter canadensis (strain NCTC 13241; MIT 98-5491) (blastp; query cover, 100%; identity, Ͼ76%; E value, 0, for both proteins; GenBank accession numbers WP_006656911.1 and WP_006656715.1, respectively) and "Helicobacter winghamensis" (strain ATCC BAA-430) (blastp; query cover, Ͼ98%; identity, Ͼ42%; E value, Ͻ1eϪ168, for both proteins; GenBank accession numbers WP_006801784.1 and WP_006802875, respectively).
Accessory genome analysis. The analysis of the accessory genome of H. pullorum showed several genomic regions which were highly variable in length and with GϩC contents deviating from Table 3) . These include (i) two putative cryptic plasmids present in strain 229254/12 and one putative conjugative plasmid present in strain 229336/12, (ii) several strain-specific regions with contiguous CDSs coding for hypothetical proteins, (iii) a complete 36.4-kb prophage integrated in the bacterial genome of strain 229313/12, and (iv) a putative type VI secretion system (T6SS), present in all strains except for 229313/12.
The prophage sequence in strain 229313/12 revealed a GϩC content of 35.54% and 47 predicted CDSs, representing 33,266 bp. The sequence showed homology with phage sequences found in several bacterial genera, including a predicted integrase, a transposase, and tail proteins. The last are intercalated with sequences coding for putative proteins of bacterial origin of related species, such as C. jejuni, Arcobacter butzleri, and Helicobacter hepaticus, and other DNA-associated open reading frames (ORFs) whose functions could not be predicted. The strain 229313/12 also showed another exclusive sequence of 11 kbp, most likely corresponding to a remnant prophage, with homology to C. jejuni prophages.
The T6SS genetic cluster was well conserved in three out of the four chicken meat isolates and strain MIT 98-5489, comprising 13 ORFs that encode T6SS predicted proteins, including the T6SS hallmark genes: hemolysin-coregulated protein (hcp) and valine glycine repeat G (vgrG) genes ( Fig. 3 and Table 4 ). The H. pullorum T6SS genetic cluster was quite similar in organization to the C. jejuni T6SS, except that in the latter, the 13 T6SS genes are contiguous, whereas in H. pullorum, the T6SS genes are organized in three blocks (two of which are inverted, related to the C. jejuni gene organization) which are intercalated with genes encoding mostly proteins with no assigned function. The central block contains most of the T6SS genes. Among the extreme blocks, one is comprised of the genes fha, vasK, and hcp whereas the other (the noninverted block) corresponds to the vgrG gene (Fig. 3) . It is passing about 70 to 83% of each draft genome sequence under evaluation. An SNP density threshold of 100/1,000 was defined to highlight the most polymorphic regions among the H. pullorum strains studied. Genes found to be highly polymorphic are labeled with letters and listed in Table 2 . Nonlabeled peaks refer to artifacts associated with the random junction of noncontiguous blocks (see Materials and Methods for details). important to note that all 13 T6SS-associated proteins display a high level of similarity between the two species (Table 4) .
DISCUSSION
The present study reports the isolation of H. pullorum from fresh raw chicken meat. Although H. pullorum is present in poultry, representing a risk to human health, and has been isolated in cases of human intestinal and liver disease, it has never been identified or cultured on poultry meat before. The finding of H. pullorum in four out of 17 chicken meat samples for human consumption suggests that this organism may pose a risk of zoonotic foodborne transmission, as is known to occur with Campylobacter sp., which is presently recognized as a major human enteropathogen worldwide. In support of this, a few studies using PCR reported high (although variable) frequencies of H. pullorum, ranging from 33.6% (28) to 100% (6, 26) in poultry cecal samples and 37% in chicken meat products (7) . Presently, the difficulty in culturing this fastidious microorganism and the use of inappropriate culture media and conditions, in clinical, veterinary, and food laboratories, have hampered the correct establishment of H. pullorum as a foodborne pathogen. In this study, we demonstrate the usefulness of a membrane filter method for isolating H. pullorum from meat samples, as was previously described for poultry cecal samples (6) . The application of this strategy may also be highly valuable for the accurate and sensitive detection/isolation of Campylobacter and Helicobacter species in those laboratory settings.
The four H. pullorum isolates collected in this study were tested for antibiotic susceptibility to the antibiotics commonly used to treat Campylobacter and Helicobacter infections. According to previous data on in vitro susceptibility of H. pullorum to antimicrobial agents, we may assume that all strains were resistant to fluoroquinolones; one isolate was also resistant to erythromycin, which is the first-choice antibiotic against Campylobacterales infections; and another was resistant to tetracycline (6, 24, 29) . The MIC values of the resistant isolates were all high, suggesting a high level of resistance to those three antibiotics. Although to date there are no studies on antibiotic susceptibility comprising a large number of H. pullorum isolates, high resistance to these antibiotics has been described in poultry isolates of one study from Italy including nine isolates (24) and of one study from Egypt including 20 isolates (30) . In contrast, lower MIC values were described for 15 isolates in another study from Italy (6) and in a study from Belgium comprising 23 strains from poultry and two human isolates (29) . Resistance to ciprofloxacin, erythromycin, and tetracycline corresponded to SNPs previously reported in gyrA, 23S rRNA genes, and 16S rRNA genes, respectively (16, 24) . For the cipro- Step size was adjusted according to software specificities and to improve visualization. (Fig. 3) a The T6SS genetic cluster is located in the contig "1" for all strains, except for strain 229334/12, where it is fragmented in more than one contig (contigs 1, 2, and 3). The present study also allowed the release of four H. pullorum genomes in addition to the single genome available to date (16), contributing to a better knowledge of the genome make-up of this emerging foodborne pathogen. Among the most polymorphic genes found in the H. pullorum core genome (Table 2) , including some genes encoding proteins with unknown function, we highlight a gene belonging to the pyridoxamine 5=-phosphate oxidaserelated family. Although members of this family (e.g., Nim proteins) have been associated with resistance to 5-nitroimidazole, the molecular basis of this resistance involves several bacterial players, so any correlation between the multiple polymorphisms found and susceptibility to nitroimidazoles would be speculative (32) . Another interesting example stands for a length-variable OMP-encoding gene, whose polymorphism pattern, relying on 7 variable domains intercalated with conserved regions, resembles that of the Campylobacter major protein (cmp) gene of C. jejuni. This gene encodes a major OMP that displays features of Gramnegative bacterial porins and has important antigenic properties, making it a potential target for vaccine development (27) . In addition, polymorphisms in cmp seem to reflect phylogenetic relations between C. jejuni strains, suggesting that a sequence variation of cmp might be exploited for molecular typing or phylogenetic analysis of C. jejuni. The identification of a cmp ortholog in the H. pullorum genome suggests that this gene may also code for a porin and may be involved in antigenic variability, constituting a promising research target.
The most polymorphic gene identified in the H. pullorum genomes codes for a putative cytotoxin, displaying high genetic variability within the 5= and middle regions of the gene. This gene pattern shares similarities with the vacA gene, encoding the vacuolating cytotoxin of the gastric pathogen Helicobacter pylori, for which the signal, intermediate, and middle genotypes are strong markers of severe gastric disease (33) . The well-conserved 3= region of the H. pullorum cytotoxin shows features of an autotransporter ␤-domain, which is characteristic of secreted proteins (34) . Accordingly, the cytotoxin also showed a putative signal peptide with a cleavage site, corroborating the hypothesis that it is a secreted protein. This scenario again parallels the vacuolating cytotoxin of H. pylori, whose gene structure, protein secretion, and proteolytic processing are characteristic of autotransporter proteins secreted by Gram-negative bacteria (35) . Finally, three additional paralogs of the cytotoxin were found in the four genomes of chicken meat H. pullorum isolates as well as in the human strain MIT 98-5489, once more mirroring the scenario of the vacA gene. Altogether, these data strongly suggest that H. pullorum is likely to possess an additional cytotoxin besides the cytolethal distending toxin, which was present in the four meat isolates and is believed to be ubiquitous in H. pullorum (36) . The genetic heterogeneity and role of this additional cytotoxin in the virulence of H. pullorum deserve to be further explored. Homologs of both these genetic traits, the Campylobacter-like MOMP and the cytotoxin, were also present in the genomes of two strains from other enterohepatic Helicobacter species, namely, H. canadensis and H. winghamensis. Similar to H. pullorum, both these species are considered emerging human pathogens with diverse animal reservoirs and also lack a flagellar sheath and the gamma-glutamyl transpeptidase (4, 16, 37, 38) . Therefore, the contributions of the Campylobacter-like MOMP and the putative cytotoxin to the host adaptation and to the virulence of these pathogens warrant further investigation. In contrast, neither H. canadensis nor H. wingha-
FIG 3
Genetic organization of the T6SS cluster in Helicobacter pullorum. The T6SS gene order and content are displayed for Helicobacter pullorum strains and also for Campylobacter jejuni strain 414 (top row), for comparative purposes. Genes are plotted as arrows (size proportional to gene length) whose direction indicates the chromosomal strand. Genes encoding proteins related to the T6SS are in black. Genes located in regions displaying variability in the genetic content among Helicobacter pullorum strains (highlighted by gray dashed lines) are in gray. The gene organization of the T6SS for strain 229334/12 is not shown because assembly issues yielded the T6SS genes in more than one contig. However, the draft genome of this strain carries all of the genes related to the T6SS. mensis displays the virulence-associated T6SS (16), which was found to be carried by three of the four H. pullorum isolates in this study, and also in sheathed-flagellum enterohepatic Helicobacter species, i.e., Helicobacter cinaedi and Helicobacter bilis. The T6SS is used by Gram-negative bacteria to deliver effector proteins into both eukaryotic and prokaryotic neighboring cells to mediate virulence and competition, respectively (39) . The presently characterized T6SS consists of 13 noncontiguous genes, including the hallmark hcp and vgrG genes, and closely resembles the T6SS genes of C. jejuni at both gene organization and content levels (Fig. 3 ) (40) . The existence of a putative functional T6SS in H. pullorum was recently proposed by Sirianni et al., who correlated the mechanism of action of this cluster with the transcellular invasion of Caco-2 intestinal epithelial cells by this pathogen (41) . In C. jejuni, the prevalence of the T6SS varies greatly among isolates and appears to depend on the geographic origin of the strain, being more prevalent among strains from Asia (from 60.6% to 71.5%) than those from Western countries (Ͻ10%) (40, 42) . In addition, the T6SS is associated with more severe forms of C. jejuni infection, such as bloody diarrhea and bacteremia, supporting the contribution of the system to the virulence of this pathogen (40, 42) . Therefore, the presence of a complete and most likely functional T6SS in three out of the four H. pullorum isolates suggests that this system is common among this species, constituting an important virulence mechanism.
Globally, the comparative genomic analysis has shown some extent of plasticity in the H. pullorum genome (Table 3) , and it is likely that other genomic features found in the accessory genome also contribute to adaptation and virulence, as in the case of a prophage. It is well known that phages integrated into the genomes of their hosts influence both bacterial behavior and virulence (43) . In C. jejuni, prophages promote genomic rearrangements and resistance to DNA transformation (44), as well as in H. pylori, for which the prevalence of prophages has been underestimated until recently (45) . Considering that one isolate revealed a complete prophage and also sequences from another putative remnant prophage, we hypothesize that this type of genetic element may play a role in H. pullorum adaptation and pathogenicity. Also, since phages are important drivers of microbial evolution, this finding should be important for further understanding and prediction of genetic diversity in H. pullorum.
In conclusion, our data indicate that the emerging pathogen H. pullorum can be transmitted to humans by chicken meat consumption/contact, suggesting the need to expand already-existent surveillance strategies at food level. In addition, this study has greatly enhanced the knowledge of genetic diversity within the H. pullorum species, with some highlighted genetic traits, such as OMPs, cytotoxins, prophages, and the T6SS, providing clues to how this species promotes adaptation and virulence. 
